Many studies have shown that in reconstituted chromatin model systems containing only purified DNA and histone octamer, nucleosomes can adopt well defined locations with respect to DNA nucleotide sequence. Recently, nucleospme-nucleosqme interactions were suggested as one of the factors underlying preferential nucleosomes positioning.In the present paper this aspect has been studied by topological analysis and electron microscopy visualization of minichromosomes reconstituted at different histone/DNA ratios. Both methods suggest that cooperativity plays a role in nucleosomes formation. A linear cooperative model in which nucleosomes are formed on discrete sites with cooperative interactions occurring only between nearest neighbours allows to calculate the cooperative constant. The reported results show that basic interactions, which are of relevance in the process of chromatin folding, are present also in very simple model system.
INTRODUCTION
Many studies on nucleosomes positioning in both reconstituted and naturally occurring systems have shown that histone octamer can adopt well defined locations with respect to the DNA nucleotide sequence (1) (2) (3) (4) (5) (6) (7) (8) (9) . However, while it Is generally considered that nucleosome rotational positioning derives from DNA local stereochemical parameter variation (10) , the causes of translotional positioning seem not yet clarified. One of the reasons is that most of the studies on in vitro reconstituted systems refers to the positioning of only one histone octamer on short DNA sequences, where the signals that could define the translotional positioning of en array of nucleosomes may not be evident. Longer DNA fragments containing more than one nucleosome may therefore be better than shorter ones for obtaining informations on the presence of well defined translotional signals. Recently, reconstituted systems containing three or five nucleosomes were analysed (11, 12) and it was concluded that positioning of histone octomers is primarily dependent on two factors: the Interactions of each nucleosome with its nearest neighbours and the locol constraints within each nucleosome related to DNA base sequence. The first factor was found of noticeable importance in the analysis of positioning of five nucleosomes on 860 bp DNA (12); in fact some differences were found when comparing preferred position of histone octamer reconstituted on short versus long DNA fragment originating from the seme DNA sequence. An interpretation of these observations is that the adjacent protein-DNA complexes interact forming some kind of higher order structure. In a previous paper on nucleosome positioning on pBR322 DNA we also found that interactions between nearest-neighbours nucleosomes seem to be important for nucleosome positioning (13) . In fact the nucleosomes distribution along the DNA sequence shows to broad maxima, suggesting that, in the adopted experimental conditions, adjacent nucleosomes could interact. Obviously the possibility that the broadness of nucleosome distribution is due to a loosely constrained positioning cannot be discarded. The present research concerns the analysis of the cooperativity in the assembly of histone octamer on supercoiled pBR322 DNA by both topological analysis and electron microscopy visualization.
MATERIALS AND METHODS Biological materials.
pBR322 was prepared by chloramphenicol amplification of Escherichia Coli cultures as previously reported (14) . Histone octamer was prepared from chicken erythrocyte nuclei as described (15) . Topolsomerase I was obtained from chicken erythrocyte nuclei as described (16) . Reconstitution procedures.
A costent amount of plasmid DNA was added, at 4°C, while stirring to varying amounts of histone octamer in 1.OM NaCl. The salt concentration was slowly lowered to 0.2M NaCl. The samples were finally dialyzed overnight against the buffer required for the enzyme reactions (17) . Electron microscopy visualization.
Reconstituted minichromosomes, at various histones/DNA ratios (R) were dyalized overnight against 0.2mM EDTA, lOmM triethenolamine, 0.2mM PMSF PH8.0 end 0 1% glutaraldehyde. Samples were prepared for electron microscopy by the diffusion technique according to Thome et el. (18) . Topological assay.
Reconstituted minichromosomes were treated with chicken erythrocyte Topoisomerese I (1U/jigDNA)in lOmMTris-HCl, imfiEDTA, 0.2M NeCl PH7.5 for 1h at 37°C. After deproteinization with IS sodiumdodecylsulphate and phenol 
RESULTS

Topological and Electron Microscopy analysis.
Minichromosomes were reconstituted on supercoiled pBR322 at different histones octamer/DNA ratios (R) and the number of reconstituted nucleosomes derived from topological analysis. Namely, using the method of Germond et al. (20) , reconstituted minfchromosomes were treated with Topolsomerase I to fully relax DNA. The difference in the linking number of the minichromosomes to that of naked DNA, ii^, that is the number of topoisomers, corresponds to the number of nucleosomes formed on the pl8smid and can be evaluated by electrophoresis on egarose gel. In cases where the variation of AL|< was high (topoisomers with ALl arger than ten collapse in a broad band), electrophoresis was earned out in the presence of different concentrations of EtBr. Fig. 1 shows a typical experiment. Topoisomers derived from minichromosomes reconstituted at different R, in the range 0.2-0.7, were analyzed In agarose gel and in gel containing different amounts of EtBr. Fig.lA ,B,C show densitometric tracing of gels. In all cases the profiles correspond to topoisomers Gaussian distribution, whose maximum represents the average number of nucleosomes, N, formed et each R. A band corresponding to naked DNA, which was fully relaxed by Topoisomerase I is also present in all cases. Care was taken to avoid nicked molecules; in fact, the bend corresponding to AL^O almost disappears in the presence of EtBr, showing thot nicked molecules are present in low amount. Electron Microscopy visualization was carried out on minichromosomes fixed overnight by dyalisis against glutaraldehyde. Representative micrographs of minichromosomes reconstituted at different R are shown in fig.2A . Minichromosomes appear extended, allowing an easier determination of DNA lenght and nucleosomes number. Each nucleosome contains about 150 base pair as determinated from the reduction in lenght of plasmid DNA as a function of the number of nucleosomes.
Molecules of naked DNA are present together with molecules having a nucleosome number higher than that deriving from a linear reconstitution process; moreover many molecules with nucleosomes clustered on some regions are present. Nucleosomes distribution was evaluated by counting nucleosome number of minichromosomes, at seven different R. The values of at least 250 molecules for each ratio, are reported in f1g.2B. The number of nucleosomes per DNA molecule increases with R from R=0.15 up to R=0.4; at R higher than 0.4 nucleosomes number remains constant; the same behaviour can be deduced from topological analysis. It Is worthwhile to note that in electron micrographs, we did not observe minichromosomes with a greater number than 21 nucleosomes although at Fig. 3 Average number of nucleosomes, R, versus R, derived from electron microscopy visualization (-A-) and topological analysis (-O-); (-a-) refer to samples assayed by topological analysis before and after dialysis against electron microscopy buffer (for experimental details see text). least 24 should be accomodated by pBR322 DNA. This results can be ascribed to the fact that mimchromosomes with a nucleosome number higher than 21 are probably scarcely soluble . The values for nucleosome number, corresponding to the average of the Gaussian distribution of topoisomers as well as those derived from electron microscopy histograms, N, are reported versus R in fig.3 . In both cases experimental values show a trend, which strongly deviates from linearity; namely the values from 0.05 up to 0.4 show a steep increase, reaching a constant value, N=22, at R=0.4 in the case of results obtained from topological analysis and N= 16 in the case of the results from electron microscopy visualization. The deviation from linearity can be attributed to nucleosome-nucleosome interactions suggesting that the binding of histone octamer to DNA could be cooperative. As for the difference between the two curves, it must be taken into account that topological analysis and electron microscopy visualization were carried out in different ionic strenght conditions, so that a different solubility of mini chromosomes in the two media must be considered. To this end, prior to topoisomerose I reaction, three samples at different histone/DNA ratios were divided into two eliquots. The first was immediately subjected to topoisomerase I treatment, while the second was dyalized against the buffer containing glutaraldehyde used in EM. experiments. Subsequently, the same aliquot was readjusted to the topoisomerase I ionic strenght condition, by dyalisis against the appropriate buffer. As It Is reported In Fig.3 , in both cases R are identical, so that different solubilities can be ruled out. The causes for the difference between the two curves will be analyzed in the Discussion section. Analysis of the cooperativltu.
With the aim of evaluating the cooperativity of the binding, we have used a method previously developed by Voordouw (21). Considering a homogeneous DNA sample, for which the maximum number of nucleosomes, Nmex, is the same for all molecules, it is possible to count the number of nucleosomes on a lerge number of individual DNA molecules and obtain the average number of occupied sites (nucleosomes) N and the width of the distribution as the standard deviation from the average ofj.
These two parameters are intimately related In multiple equilibria theory (22) and it is possible to demonstrate (21) that questions regarding to the possible Identity of the sites, or the existence of site-site interactions can be answered by comparing the experimental data (aft, fl) with those calculated for various binding models.
For identical. Independent sites, the characteristic function for the binding model is:
The possibility of cooperative interactions is analyzed, adopting a linear cooperative model in which nucleosomes are formed on discrete sites with cooperative interactions occurring between nearest neighbours only. Site-site interactions are characterized by a cooperative constant, oa, RT lruu being the free energy of site-site interaction per mole of site-site contacts, from the model of Me Ghee and Von Hippel (23).
In fig.4 plots of fafj/VNmax) vs (R/Nmax) ere shown for two values of the cooperativity constant oo Namely OJ=1 corresponds to the case of binding to identical Independent sites with a maximumqq//Nmax=0.5 at R/Nmex=0.5, In the case Nmax=24. The value Nmax=24 has been adopted, taking into account that one nucleosome occupies, on average, 180 base pairs. Positive cooperetivity fc»1) gives rise to a curve with a maximum larger than 0.5 at R/Nmax=0.5. The case of <u=10 Is shown. The experimental data derived either from topological analysis or from electron microscopy evaluation, reported in fig.4 clearly show that histone octamers interact with supercoiled pBR322 DNA in a strongly cooperative way; in fact, the cooperative constant is equal or larger than ten. For the sake of completness, it should be noticed that the reported values of a.fj//Nmax correspond in all cases to R/NmaxiO.4, since also at lower histone/DNA ratios it was found that R is higher than ten and the dissociation of histone octamers does not allow the further decrease of R.
DISCUSSION
The reported results on minichromosomes organization on pBR322 supercoiled DNA either derived from topological analysis or from electron microscopy visualization show that, at least In the adopted experimental conditions, nucleosomes reconstitution on supercoiled DNA, is a strongly cooperative process. The obtained values for binding, using a method previously developed by Me Ghee and Von Hippel (23) end by Voordouw (21), allow the calculation of a cooperative constant equal or higher than ten. Cooperativity can be derived from nucleosome-nucleosome Interactions, taking into account that the adopted reconstitution procedure is carried out by dilution down to 200mM NaCl. In fact recently Widom (24) has shown that In natural » COCO Fig. 5 Difference between average number of nucleosomes from topological analysis NU and electron microscopy, visualization flEM plotted versus the average number of nucleosomes HEM, derived from electron microscopy. Schematic drawing of minichromosomes: A(electron microscopy); BOopological analysis).
chromotin the 300 £ filament is stabilized with respect to the 100 A" structure in the range 45-65mH Na+ concentration. Furthermore nucleosomes reconstituted at R equal to 0.3 on long plasmid DNA give the same 140-150 bp repeat upon micrococcal digestion, as do nucleosomes reconstituted at R equal to 1.0 and histone octamers will bind preferentially to long plasmid DNA, even over 10-fold excess of short 145 bp DNA (25) . These findings give further support to the fact that clusters of nucleosomes are more stable than isolated ones. Nucleosome-nucleosome interactions seem also responsible for the difference in N values derived from topological analysis with respect to those derived from electron microscopy visualization. Taking into account that electron microscopy permits the visualization of nucleosomes, while topological analysis measures the change in linking number arising from nucleosome formation, we suggest that the difference in R derived from the two analysis is due to left-handed crossings of supercoiled DNA that are stabilized by nucleosome-nucleosome interactions. Such a left-handed crossing would not be relaxed by Topolsomerase I and would contribute to an increase in linking number. A similar model was recently proposed by us for the interactions between Acttnomycln D and supercoiled pBR322 DNA (26) . In fig.5 the difference between the average number of nucleosomes derived from topological analysis to that derived from electron microscopy visualization, namely the number of pBR322 left-handed crossings stabilized by nucleosome-nucleosome interactions, are reported versus nucleosomes average number, R, derived from electron microscopy. It is interesting to note that the number of crossings increases reaching a maximum end then decreases. This behaviour can be attributed to the fact that the number of crossings increases with nucleosomes number up to 10-12 nucleosomes, corresponding to about 5-6 crossings and 6-7 mfcrodomains. Taking into account that one nucleosome occupies about 180 base pairs it Is possible to calculate that each microdomain corresponds to about 250-300 base pairs. Further reduction of microdomains lenght, by increasing the number of crossings, should be difficult since circularization of DNA fragments shorter than 200 base pairs has a low probability (27) (28) . In fig.5 two possible schematic drawings of the crossings formation in minichromosomes are reported. The clustering of nucleosomes as visualized by electron microscopy (see arrows in fig  2A) indicates the more probable scheme at the right.
The reported results show that nucleosome-nucleosome interactions have a main role in minichromosomes organization also in condition far from saturation . This finding supports the idea that, also In very simple model systems, the study of nucleosomes positioning is influenced by nucleosome-nucleosome interactions in agreement with results previously obtained by Drew and Calladine (12) in the case of nucleosomes positioning on linear DNA; the use of circular DNA could permit the assay of the role of DNA supercoiling in nucleosomes positioning and work is in progress in our laboratory on this aspect of DNA-histone octamer interactions.
